Datasets of hundreds or thousands of SNPs (Single Nucleotide Polymorphisms) from multiple individuals per species are increasingly used to study population structure, species delimitation and shallow phylogenetics. The principal software tool to infer species or population trees from SNP data is currently the BEAST template SNAPP which uses a Bayesian coalescent analysis. However, it is computationally extremely demanding and tolerates only small amounts of missing data. We used simulated and empirical SNPs from plants (Australian Craspedia, Asteraceae, and Pelargonium, Geraniaceae) to compare species trees produced (1) by SNAPP, (2) using SVD quartets, and (3) using Bayesian and parsimony analysis with several different approaches to summarising data from multiple samples into one set of traits per species. Our aims were to explore the impact of tree topology and missing data on the results, and to test which data summarising and analyses approaches would best approximate the results obtained from SNAPP for empirical data. SVD quartets retrieved the correct topology from simulated data, as did SNAPP except in the case of a very unbalanced phylogeny. Both methods failed to retrieve the correct topology when large amounts of data were missing. Bayesian analysis of species level summary data scoring the two alleles of each SNP as independent characters and parsimony analysis of data scoring each SNP as one character produced trees with branch length distributions closest to the true trees on which SNPs were simulated. For empirical data, Bayesian inference and Dollo parsimony analysis of data scored allele-wise produced phylogenies most congruent with the results of SNAPP. In the case of study groups divergent enough for missing data to be phylogenetically informative (because of additional mutations preventing amplification of genomic fragments or bioinformatic establishment of homology), scoring of SNP data as a presence/absence matrix irrespective of allele content might be an additional option. As this depends on sampling across species being reasonably even and a random distribution of non-informative instances of missing data, however, further exploration of this approach is needed. Properly chosen data summary approaches to inferring species trees from SNP data may represent a potential alternative to currently available individual-level coalescent analyses especially for quick data exploration and when dealing with computationally demanding or patchy datasets.
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Introduction

Species trees
Over the past decade, it has become feasible to produce genomic data for ever larger numbers of specimens (McCormack et al., 2013) . This wealth of data enables phylogeneticists, population geneticists and evolutionary biologists to address evolutionary questions and to resolve phylogenetic relationships that had remained intractable with the limited numbers of independent markers provided by Sanger Sequencing or traditional genotyping approaches such as microsatellites.
However, researchers are now faced with new challenges of analysing their data in an appropriate way (Freudenstein et al., 2003; Lemmon and Lemmon, 2013; Misof et al., 2013) . These challenges are both methodological and computational, as available software tools may struggle with large datasets and large numbers of samples (Raj et al., 2014) .
Among the methodological challenges is the potential for genomic data to show conflicting signals. In the case of datasets comprising a limited number of sequence regions, the observations of incongruent gene phylogenies and of gene trees showing the sequence copies from individual species as non-monophyletic are now well understood. They can be explained by ancestral polymorphism, also known as incomplete lineage sorting, or by recent hybridisation (Knowles, 2009; Maddison, 1997; Maddison and Knowles, 2006; Szöllősi et al., 2015) . Numerous analytic tools have been developed to infer species phylogenies from multiple gene trees, especially under the assumption of ancestral polymorphism.
The most important parsimony approaches are Minimising Deep Coalescences (MDC) and Minimising Gene Duplications and Gene Losses (Maddison, 1997) , implemented in software such as Mesquite (Maddison and Maddison, 2011) or iGTP (Chaudhary et al., 2010) . Other tools use distance-based (Shaw et al., 2013) , Likelihood (Liu, 2008) or Bayesian coalescent methods (Heled and Drummond, 2010) . Efficient algorithms using the coalescent model such as ASTRAL-II (Mirarab and Warnow, 2015) allow the analysis of large datasets with hundreds of taxa and hundreds of genes. Progress has also been made in including both ancestral polymorphism and recent hybridisation into the same analysis, e.g. with Most Parsimonious Reconciliations (Doyon et al., 2010) . At the same time, the value of concatenating all data continues to be explored (Gadagkar et al., 2005; Tonini et al., 2015) , and an approach has been suggested for deciding when this approach is preferable (McVay and Carstens, 2013) . Consequently, phylogeneticists are now well equipped to use sequence data from multiple loci to infer phylogenies in the genomic era with the method of their preference.
Genome-wide SNPs
An increasingly popular approach at the shallowest phylogenetic levels and in population genetics is the generation of thousands of Single Nucleotide Polymorphisms (SNPs) from across the genome using methods such as reduced representation shotgun sequencing (Altshuler et al., 2000) , RAD-seq (Baird et al., 2008) and Genotyping-by-Sequencing (Elshire et al., 2011) . The resulting data are often used to infer population structure or delimit species, but can also be employed to study the phylogenetic relationships within species complexes too recently diverged to be resolved on the basis of DNA sequences of single loci each of which contain only few polymorphisms (Lambert et al., 2013; Rheindt et al., 2014) .
In reduced representation, missing data can be caused by several factors with very different implications (Davey et al., 2011) . Due to low sequencing depth and the additional vagaries of fragment amplification, any marker may not be scored for some samples for purely stochastic reasons. On the other hand, missing data can be caused by mutations in restriction sites for RAD-seq and Genotyping-by-Sequencing, which will prevent a fragment from amplifying or passing size selection, or by additional mutations in the fragment, which may lead to homology rejection by bioinformatic analysis pipelines. The frequency of the latter processes is correlated with the phylogenetic depth of the study group (Cariou et al., 2013) , suggesting the possibility that present or absent data may carry a phylogenetic signal, at least assuming that missing data caused by the former processes are distributed randomly.
In contrast to multi-gene datasets, at present there is only a limited number of tools for the inference of species phylogenies based on SNP data from multiple samples per species. The most commonly used software package is BEAST (Bouckaert et al., 2014) with its template SNAPP (Bryant et al., 2012) , which implements a Bayesian coalescent analysis. Unfortunately, it is computationally very demanding for larger datasets (Yoder et al., 2013) and will tolerate only small amounts of missing data (Jason Bragg, pers. comm.; A.N.S.-L., pers. obs.) . An alternative software is PoMo (Maio et al., 2015) , but its documentation indicates that no missing data are allowed, severely limiting its utility with reduced representation data. A faster alternative also using the coalescent approach was developed by Chifman and Kubatko (2014) under the name SVDquartets and has been implemented in PAUP * 4a149 (http://people.sc.fsu.edu/~dswofford/paup_test/). Other likelihood models for species trees from SNPs exist (RoyChoudhury et al., 2008), but to our knowledge no other software appears to be available at this time.
Motivation
To resolve phylogenetic relationships at the level of young genera or species complexes, sequence data may be insufficient due to their low divergence. Marker systems such as SNPs from Genotyping-by-Sequencing represent an attractive alternative because they can provide numerous characters for non-model organisms. We have generated SNP data for difficult-to-resolve groups (Craspedia G.Forst., see below; Ozothamnus ledifolius complex, M. de Salas & A.N. Schmidt-Lebuhn, unpubl. data) to ultimately infer phylogenetic relationships at the species level. However, due to the large size of the datasets and significant amounts of missing data, we found it impossible to make use of SNAPP, prompting us to explore other options.
Aims of the study
In the present paper, we investigate several distinct ways of summarising SNP data from multiple samples per species into one set of traits per species, and Bayesian and several distinct parsimony approaches to infer species trees from the summarised data. Using both empirical and simulated data, and comparing resulting trees against each other and against information from other sources, we aim to: (1) explore the performance of different approaches when analysing simulated datasets, (2) explore which Bayesian and parsimony approaches using species-level summarised data provide results congruent with SNAPP, (3) compare scoring of SNP data as present or absent (missing) against scoring SNPs by their allele values, and thus (4) find the most defensible and useful summary method for species trees from SNP data that for application to large or patchy datasets that are intractable with currently available individual level, coalescent-based approaches.
Materials and methods
SNP data sets
To test methods on simulated datasets where the true phylogeny is known, we constructed three artificial trees of eight species and used SIMCOAL 2 (Laval and Excoffier, 2004) to simulate 500 SNPs in each case. Each population had a constant effective size of 5000, there was no migration between populations, and recombination rates were set to 100%. Lineage splits were designed to occur after varying times with a minimum of 5000 generations. One tree was designed to be completely balanced ( Fig. 1A) , the second to be completely unbalanced (Fig. 1G ), and the third to show a mixture of isolated and closely related lineages with varying divergence times ( Fig. 1M ). We then randomly deleted 5%, 25% and 75% of the individual-level data matrix simulated on the mixed tree to explore the effect of different amounts of randomly distributed missing data. To make the run time of SNAPP less prohibitive, we restricted the samples to three per species.
We generated empirical SNP data used in this study with Genotyping-by-Sequencing (Elshire et al., 2011) as described in detail by Nicotra et al. (2016) . Briefly, genomic DNA was digested with PstI and ligated to uniquely barcoded sequencing adaptor pairs. Samples were then individually PCR amplified and pooled in an equimolar manner. Library amplicons between 250 and 600 bp were extracted from an agarose gel and sequenced in a HiSeq2000 using a 100 bp Paired End protocol (at the Biomolecular Resource Facility at the Australian National University). SNP calling was conducted by the BRF Genome Discovery Unit using the TASSEL UNEAK approach (Lu et al., 2013) .
We used two empirical datasets to test analysis methods. The first included 8958 SNPs for 240 samples of the daisy genus Craspedia Molecular phylogenetic analyses using traditional nuclear ribosomal and chloroplast markers have established that C. haplorrhiza has a phylogenetically isolated position in the genus, and that the New Zealand species form a clade nested within the Australian species, presumably the result of a single dispersal event (Ford et al., 2007) . However, relationships among the perennial Australian species remain unresolved due to low sequence divergence and the presence of several species in both major nuclear ribosomal DNA clades (Schmidt-Lebuhn, 2013) .
Samples were assigned to species by a priori identification based on morphology. However, we treated thirteen New Zealand samples as one lineage because all local species are known to form a monophyletic group nested within Australian Craspedia, and because species delimitation in the New Zealand clade is insufficiently understood (Breitwieser et al., 2010) . The Craspedia dataset was characterised by large amounts of missing data, with individual samples scored for 103-2708 SNPs (average 911, median 828), potentially in part because the species were more divergent than anticipated. Species were also sampled to very varying degrees, from only one sample in the case of locally endemic C. preminghana Rozefelds to 31 samples in the case of C. jamesii J.Everett & Joy Thomps.
We also used a published dataset of Australian native Pelargonium L'Her. ex Aiton (Geraniaceae) (Nicotra et al., 2016) which provides an accepted phylogeny inferred with SNAPP to compare against other approaches. The dataset comprised 463 SNPs for 23 samples representing eight species, sub-sampled from an original 29,531 SNPs for 177 samples to decrease the amount of missing data and computation time.
Character scoring
To produce character matrices of the species for parsimony analysis, we summarised the SNP data from the individual samples in three different ways.
1. Locus-wise. If the species contained only the major allele the SNP was scored as state 0, if it contained only the minor allele as state 1, if it contained both as (01) polymorphic, otherwise as missing data (Fig. 2B ). 2. Allele-wise. Each SNP was transformed into two individual characters, so that each allele was scored as present (1) or absent (0) in a species (Fig. 2C, D) . 3. Presence/absence (Craspedia only). The individual alleles were ignored, and a SNP was scored as present (1) if data were present for at least one sample from the species, otherwise as absent (0).
A Python 2.7 script (Python Software Foundation, 2016) was custom-written to automate summarising the SNP data. It requires a standard comma or tab separated text file with samples in columns and SNPs scored as 0/1/2 (homozygous/heterozygous/homozygous) in rows. It outputs three different nexus files for use in PAUP (Supplementary Data S3).
Phylogenetic analyses
Data scored locus-wise were treated as standard Wagner characters (Kluge and Farris, 1969) , with multistate characters specified as polymorphic (Fig. 2B ). The matrices resulting from allele-wise and presence/absence scoring were subjected to parsimony analyses under three different character optimisations: Wagner parsimony ( Fig. 2C ), Dollo parsimony (Farris, 1977) (Fig. 2D ) and a step matrix counting allele gains as twice as expensive as allele losses. In all cases, heuristic searches were conducted in PAUP * 4.0b10 (Swofford, 2003) with default parameters but MaxTrees set to 1000 and ten addition sequence replicates. Branch support was inferred with 200 bootstrap replicates. Bayesian inference was conducted in MrBayes 3.2.3 (Ronquist et al., 2012) for data summarised at the species level and using the restriction site model, coding parameter set to "all", two runs with two chains for 1,000,000 generations at temperature = 0.2, and sampling every 500 generations. Convergence of runs was verified from MrBayes' diagnostic values.
SNAPP species trees were inferred in BEAST 2.1.3 (Bouckaert et al., 2014) using default priors. At least ten million generations were run sampling every 1000 generations. We examined trace shape and effective sample size (ESS) with Tracer 1.6 (Rambaut et al., 2013) and terminated runs either when the trace had stabilised and ESS values for all parameters were satisfactory or when they showed no sign of improvement even after 15 million generations. Summary trees were produced with TreeAnnotator 2.1.2.
In all successful Bayesian analyses, burn-in was set to exclude samples saved before stationarity was achieved. For analyses of simulated data that failed to achieve stationarity, we discarded the first 50% of saved trees and summarised the remainder to examine how close the analysis came to inferring the underlying tree.
SVDquartet analysis was conducted in PAUP 4a149 (http://people. sc.fsu.edu/~dswofford/paup_test/) on data scored at the level of the individual, with species set as taxon partitions. We used default settings except for the species tree option and running 200 bootstrap replicates.
Rooting
Coalescent analyses and parsimony analyses using an asymmetric step-matrix produce rooted trees. In other analyses, trees for simulated data were rooted on the known outgroup, and the phylogeny of Australian Pelargonium was, where possible, outgroup-rooted on P. havlasae Domin and P. littorale Hügel following the results of Nicotra et al. (2016) . The Craspedia dataset lacks an outgroup because no high quality sample of C. haplorrhiza was available, and consequently we focused on comparing the topologies of unrooted trees.
Criteria for tree evaluation
In the case of simulated data, agreement with the phylogeny on which the data were simulated was the only criterion for tree evaluation. In the case of Pelargonium, we were interested in agreement of results from parsimony analysis with the results from SNAPP. Pairwise K tree scores (Soria-Carrasco et al., 2007) were calculated from unrooted trees to compare topologies and branch length distributions. Although branch lengths are not directly comparable between parsimony and coalescent trees, a branch length distribution vastly different from the true (simulated) one would be undesirable e.g. for analyses of phylogenetic diversity (Faith, 1992) .
In addition to comparing results across analyses, the Craspedia dataset was used to test the feasibility of using presence-absence scoring of SNP data. Accordingly, congruence of results from this scoring approach with those from other scoring approaches was the criterion. We will use the term clan (Wilkinson et al., 2007) to refer to whole branches of unrooted trees.
Results
Simulated data
SNAPP correctly inferred the balanced tree from simulated data, although with short terminal branch lengths (Fig. 1B) . It also inferred the correct topology with mixed characteristics, but likewise with short terminal branches, and support for deeper relationships was low ( Fig. 1N ). After 15 million generations, SNAPP inferred the relationships between four species on the unbalanced tree but was unable to resolve the rest of the topology (Fig. 1H) . The trace was still unstable and showed no sign of improvement. SVD quartet analysis in PAUP correctly inferred all three topologies (Fig. 1C, I, O) .
Bayesian summary trees and parsimony trees from summarised data were topologically identical with the true trees ( Fig. 1D-F , J-L, P-R). Wagner and Dollo analyses of data scored allele-wise resulted in identical trees because the SNP simulation assumed only one mutation for every locus (not shown; these and all other trees are available in Supplementary Data S2). The step-matrix approach inferred the true root position for the unbalanced and mixed but not for the balanced tree ( Fig. 1F, L, R) .
Missing data
In our analyses of 500 simulated and pooled SNPs with varying amounts of missing data, performance of SNAPP differed depending on the amount of missing data. It quickly found the correct tree for 5% missing data, but all except three branches were extremely short (Fig. 3A) , and even after fifteen million generations ESS for the topology posterior and likelihood were still < 200, and the trace was still unstable. With 25% missing data, the correct topology was inferred but with the wrong root (Fig. 3G ). After 10 M generations ESS was above 700 for all parameters, and the trace was stable. In the case of 75% missing data, SNAPP was unable to resolve the tree topology after 10 M generations, with posterior probability (PP) of 0.1 or less for all relationships ( Fig. 3M ). Nonetheless the trace appeared very stable and ESS was indicated to be above 7000 for every parameter. SVD quartets failed to reconstruct the true topology in all cases (Fig. 3B, H, N) .
Bayesian and parsimony analyses of summarised data inferred the true tree in all cases except one ( Fig. 3C-F , I-L, O-R): For 75% missing data, the step-matrix approach inferred a tree showing as two species clades on a grade what should have been a clade of four species (Fig. 3R ). However, it consistently succeeded in inferring the correct root position.
Pelargonium
SVD quartet analysis of the Pelargonium dataset retrieved a topology (Fig. 4B ) that was largely compatible with the strongly supported relationships in the Bayesian summary tree produced by SNAPP (Fig. 4A) except for the separation of P. havlasae and P. littorale.
Bayesian analysis of data summarised at the species level supported the species pairs P. havlasae/P. littorale and P. rodneyanum Lindl./P. striatellum but not the clade of the remaining four species (Fig. 4C ). Locus-wise scoring and Wagner parsimony analysis resulted in four equally parsimonious trees with poor branch support (Fig. 4D) . Except for the sister species relationship of P. havlasae and P. littorale, the trees showed little congruence with the results of SNAPP. The single most parsimonious tree for allele-wise scoring analysed with Wagner parsimony showed a higher degree of congruence with the SNAPP results in that P. australe Willd. and P. drummondii Turcz. as well as P. helmsii Carolin and P. inodorum Willd. were retrieved as sister species (not shown), but those relationships had only weak support from SNAPP. In addition, the sister group relationship of the two remaining species, which was strongly supported by SNAPP, was not inferred by the parsimony analysis. Finally, the single most parsimonious trees resulting from the Dollo (Fig. 4E ) and step-matrix ( Fig. 4F) analyses of data scored allele-wise were consistent with the SNAPP tree; relationships inside the clade of P. australe, P. drummondii, P. helmsii and P. inodorum were resolved differently, but there was little support for any specific topology in SNAPP. However, in contrast to SNAPP the step-matrix approach rooted the phylogeny between this clade and the remaining Except for relationships that did not have significant support in the reference analysis and can thus be considered ambiguous.
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K tree scores
The best fit to the tree on which SNPs had been simulated was achieved by Bayesian inference from data scored allele-wise and Wagner parsimony analysis of data scored locus-wise (Table 1) . SNAPP analysis resulted in considerably poorer fit, with the step-matrix approach producing intermediate scores. Wagner analysis of data scored locus-wise also produced the tree with the best branch length fit to the published SNAPP phylogeny of Australian Pelargonium, although the two trees disagreed on well supported relationships.
Craspedia
The SVD quartet phylogeny of Craspedia (Fig. 5A) produced an outlier topology compared to all other analyses. However, bootstrap support (BS) was insignificant throughout. While the phylogenetic positions of the New Zealand lineage and of mainland alpine C. leucantha F.Muell. were distinctly unstable across analyses, the following three clans were resolved in the majority of the cases (Fig. 5C and D) :
First, all analyses showed a large group of subalpine to alpine mainland species with varying leaf indumentum: C. adenophora Second, all analyses scoring data allele-wise showed a small clan of one widespread subalpine and two Tasmanian endemic highland species, all characterised by narrow leaves with woolly indumentum: C. glabrata (Hook.f.) Rozefelds, C. gracilis Hook.f. and C. macrocephala Hook.; it was supported by a BS values of 88 to 98 and a PP of 1. Analyses scoring data locus-wise and Wagner parsimony analysis of data scored as present or absent resulted in the inclusion of C. leucantha in this clan (BS < 50 to 68, but PP 1). Other analyses scoring data as present or absent did not resolve this clan but showed its members as forming a grade between the previous and the next clan.
Third Everett & Doust, . Most other scoring approaches and analyses resolved the same clan to include the New Zealand lineage (BS < 50 to 100, PP 1). Analyses of data scored locus-wise and Wagner parsimony analysis of data scored as present or absent failed to resolve this clan either inclusive or exclusive of the New Zealand lineage, but there was little support for the relevant branches (BS < 50 to 66, PP < 0.95) with the exception of a single branch for locus-wise data under the Restriction Site Model (PP 0.99 for grouping the second clan inside the third).
All parsimony analyses retrieved a single most parsimonious tree except locus-wise scoring with Wagner parsimony, in which case four equally parsimonious trees were found.
Discussion
Choice of scoring approach
In the present study we examined three different ways of summarising SNP data for species-level consensus data. The first, which we called locus-wise, is comparable to producing a consensus sequence for all samples of a species or population (Fig. 2B ). For analysis, multi-state characters are most appropriately treated as polymorphic, but Wagner analysis counts only gains and not losses of an allele. For simulated data, this approach consistently inferred the correct phylogeny, and often with the best fit to the true branch length distribution. In the case of Pelargonium, however, it did not retrieve one of the clades strongly supported by SNAPP (Nicotra et al., 2016) , and for Craspedia locus-wise scoring resulted in poorly resolved and poorly supported relationships.
Our second approach, here called allele-wise, scored each allele as a separate character, with the allele either present (1) or absent (0) in a species (Fig. 2C, D) . It follows the same reasoning as that behind a parsimony species tree under the criterion of minimising duplications and losses in a gene family (Maddison, 1997) in that it allows the number of allele gains and losses across the phylogeny ( Fig. 2A) to be minimised. Results for simulated data were identical to those of the locus-wise approach, but for empirical datasets, allele-wise scoring produced topologies that were more strongly supported and more congruent with SNAPP (Nicotra et al., 2016) . In MrBayes, it produced the most accurate branch length distributions. We conclude that locuswise scoring may not make full use of the available information, and that allele-wise scoring is more useful. It also allows the use of more different parsimony analyses than locus-wise scoring.
Finally, for the Craspedia dataset we also scored the SNPs themselves as either present, if there were data, or absent, if there were none. This approach treats the SNP table in the same way as restriction fragment based data such as Amplified Fragment Length Polymorphism (Vos et al., 1995) , which would make sense if the study species were sufficiently distantly related that mere sharing of amplification success and successful establishment of homology for sequence reads were already indicative of relatedness.
The observation that parsimony trees resulting from presence/absence scoring showed a great degree of topological similarity to those resulting from other scoring approaches (Fig. 5C, D) confirmed our suspicion that large phylogenetic distance between study species contributed to the amount of missing data, as had been observed in other groups (Cariou et al., 2013) . At the same time, it suggested that there might be some utility of presence/absence scoring in at least some SNP datasets, i.e. in those where species turned out to be more distantly related than would have been ideal for SNP calling.
However, there is the caveat that uneven sampling or uneven amplification success may have an impact on the results if the amount of missing data in some species is partially due to low sampling or if some species consistently show poorer PCR performance (Davey et al., 2011) , perhaps because of sample quality or problematic secondary chemistry. In the case of our Craspedia phylogeny, it seems likely that the grouping of the New Zealand lineage with Australian lowland species was influenced by low reaction success in the former and lower sampling in the latter, both leading to higher amounts of missing data. Another caveat is that the tree from Bayesian inference was much more different from those using the SNP data than in the case of parsimony analysis.
We conclude that scoring SNP data as present or absent may have potential as an alternative scoring strategy at the genus level, but further study using more empirical datasets is required. The approach may be misleading at the sample level if amplification success or DNA amounts pooled for sequencing are too uneven. If using summary data across species, as in the present study, even sampling across species will be another concern.
Choice of parsimony analysis
In our simulations there was no significant topological difference between analyses of data scored allele-wise using Wagner parsimony (Kluge and Farris, 1969) , Dollo parsimony (Farris, 1977) and a stepmatrix penalising gains over losses, presumably because there was no homoplasy. The only exception occurred with 75% missing data, where the step-matrix approach inferred the wrong tree. However, marked differences were evident in the less unambiguous empirical datasets. For both Pelargonium and Craspedia, Dollo parsimony and the stepmatrix approach produced phylogenies that were better supported by independent analysis or data sources, respectively, than Wagner parsimony. In the first case, they were more congruent with the tree derived from SNAPP, and in the second, chloroplast phylogeny (Ford et al., 2007) and morphological characters (Schmidt-Lebuhn and Milner, 2013) supported the topology to a higher degree than that of the Wagner trees. We conclude tentatively that analyses penalising allele gains over allele losses may be more appropriate for empirical datasets. Other researchers have previously argued for using a similar approach for restriction site data (Debry and Slade, 1985) , and even for counting only gains (in that case gene duplications) in the context of gene tree parsimony analyses (Page and Charleston, 1997; Sanderson and McMahon, 2007) .
Rooting and the utility of parsimony and likelihood species trees from SNPs
The main disadvantage of a Wagner or Dollo parsimony analyses is that the resulting trees are generally not ultrametric, representing character changes instead of coalescent units as in analyses using the coalescent model. This makes them inappropriate for analyses requiring ultrametric trees (e.g. studies of rate shifts). Perhaps most importantly, the lack of 'clock rooting' makes it necessary to use either outgroup rooting (Maddison et al., 1984) , in which case it has to remain unclear what fraction of the internode connecting outgroup and ingroup belongs to either, midpoint rooting (Farris, 1972) , or asymmetric stepmatrices. The latter approach, however, inferred the wrong root position even for one of our homoplasy-free simulated datasets where the true root was known, and is known to be even more problematic in empirical situations (Huelsenbeck et al., 2002) . It can be assumed that midpoint rooting is most feasible if all species in the dataset are sampled to the same degree, and if there is little missing data. All Craspedia trees were considerably less ultrametric than the simulated ones or those of Pelargonium, presumably reflecting less even sampling across the species. Interestingly, midpoint rooting of the Dollo parsimony trees from simulated SNPs found the true root position when only 5% and 25% of the data were removed but was mislead by 75% missing data (not shown).
On the other hand, using an appropriate parsimony or likelihood analysis has some advantages over alternative approaches. Datasets SNAPP will analyse over weeks even on a high performance computing cluster (Yoder et al., 2013) can be analysed in minutes using SVD quartets or a combination of the species-level consensus data and parsimony methods tested in this study. Our results also indicate that they are more robust when faced with some topologies, as in our simulation on an unbalanced tree, and with appreciable amounts of missing data.
Considering especially the absence of incongruence for any well supported branches between the SNAPP analysis and the Dollo and step-matrix analyses of the Pelargonium dataset (Fig. 4A, D) , an appropriately chosen parsimony analysis may be attractive even to researchers who otherwise prefer statistical methods, at the very least for quick data exploration. Another advantage of the data scoring and phylogenetic approaches explored in this study is their considerably higher tolerance for missing data, allowing the analysis of datasets that SNAPP would not be able to process at all.
